We report ab initio density-functional calculations of the structural, electronic, and optical properties of NiAl 3 , using the full-potential linearized augmented plane wave method within the generalized gradient approximation to the exchange-correlation potential. The D0 11 structure is found to be energetically favorable over both the cubic L1 2 and A15 phases. The density of states around the Fermi energy, including a pseudogap just above it, is dominated by strongly hybridized Ni d and Al p states. We further present a fully first principles study of the optical properties of NiAl 3 , using the long wavelength random phase approximation expression for the dielectric function obtained within linear response theory, with full matrix elements. Our calculations cover a large frequency range, extending previous theoretical studies to energies going up to and beyond the effective plasma frequency, which we calculate to be ϳ16.84 eV. Our results are analyzed in the light of the calculated electronic band structure and density of states, and compared with experimental findings. In the low energy range ͑Շ5 eV͒, where data from different experimental techniques coincide, the calculated reflectivity reproduces very well the main features observed. At higher frequencies, we find a Drude-like behavior, dressed by interband transitions. Our findings invite future measurements that will allow a fuller comparison between theory and experiments.
I. INTRODUCTION
Ordered intermetallics, such as nickel-aluminum alloys, are known to be of great practical interest because of their recurrent applications in advanced materials technology, and for this reason are at the center of many research efforts. 1 In particular, there is an urgent need for an in-depth understanding of the different phases of the Ni-Al phase diagram, as much as for their intrinsic interest as for their relevance to the development of, e.g., possible alternatives to ␥-␥Ј superalloys, and to foster progress in the field of alumalloys in general. As such, the Al-rich phases are of interest, although they have received comparatively less attention than their Ni-rich counterparts. NiAl 3 has received increased attention from experimentalists in recent years, however, owing to its potential for several engineering applications. 2 The complicated orthorhombic structure of NiAl 3 was completely solved from x-ray powder photographs as early as 1937, 3 and measurements of its magnetic susceptibility 4 and heat of formation 5 were reported by the early 1960s. Among the more recent experimental studies, we mention the x-ray photoelectron spectroscopy ͑XPS͒ measurements by Fuggle et al., 6 the ultraviolet photoelectron spectroscopy ͑UPS͒ report by Andrews et al., 7 and the spectrophotometric and ellipsometric results of Cubiotti et al. 8 On the theoretical side, on the other hand, due to the complexity of the system, discussions have relied for the most part on simplified model calculations. Only rather recently have a few first-principles self-consistent calculations been carried out. We mention the study of the Ni-Al phase diagram by Pasturel et al. 9 based on the linear muffin-tin orbital method within the atomic sphere approximation, the reflectivity spectrum at low energy calculated by Mondio et al. 10 applying the same method, and the investigation of the thermodynamics of defects in NiAl 3 within a pseudopotential approximation. 11 Thus, it is clear that much of the information that can be brought by electronic structure calculations is still lacking, and that these can contribute importantly to understanding the properties of this material and provide a theoretical framework to discuss the experimental findings mentioned above, among others, while suggesting pathways for future research.
In this work, we carry out first-principles densityfunctional calculations of the structural, electronic structure and optical properties of NiAl 3 , using a fully parallelized implementation 12 of the full-potential linearized augmented plane wave ͑FLAPW͒ method. 13 From the structural point of view, we find that the experimentally observed D0 11 structure is energetically favorable over the A15 and L1 2 structures, the latter being the least favored. NiAl 3 is a HumeRothery alloy, as already discussed by Trambly de Laissardière and co-workers, 14 exhibiting the pseudogap in the density of states ͑DOS͒, typical of these phases, separating bonding and antibonding states. In the D0 11 structure, the pseudogap falls just above the Fermi level, which is consistent with the XPS and UPS measurements mentioned above. 6, 7 The pseudogap is also present in both the A15 and L1 2 structures. However, in these cases it falls below E F .
The optical properties of NiAl 3 are calculated using the full matrix elements long wavelength expression of the random phase approximation ͑RPA͒ result for the dielectric function obtained within linear response theory. 15 The spectrum found, covering energies beyond the effective plasma frequency, calculated to be ϳ16.84 eV, is essentially accounted for by interband transitions associated with the salient features of the density of states, namely a strong, structured peak of localized Ni d states centered around 2.75 eV below the Fermi energy ͑E F ͒, a shoulder just below E F arising from strongly hybridized Ni d and Al p states, a pseudogap almost 1 eV wide just above E F , and a region of slowly increasing DOS for energies higher than ϳ2 eV above E F , chiefly of Ni pd and Al sp character. Our results for the reflectivity cover essentially the entire spectrum and, thus, go higher in energy than any previous theoretical study. In the low energy range, where the agreement between the data from different experimental techniques is best established, the structure in the calculated reflectivity corresponds well with the one observed. We further find that for frequencies higher than ϳ5 eV the reflectivity shows a Drude-like behavior, with a decay softened by interband transitions. Our results are compared with the experimental measurements in Refs. 8 and 10. This paper is organized as follows: Sec. II is devoted to computational, as well as structural and phase stability considerations. The electronic structure and some of its experimental implications are presented in Sec. III. In Sec. IV, we present our dielectric function and reflectivity results, including a discussion in relation to experiment. A summary and conclusions are presented in Sec. V.
II. STRUCTURAL ASPECTS
NiAl 3 crystallizes in the orthorhombic cementite D0 11 ͑oP16͒ structure, with space group Pnma, and has 16 atoms in the unit cell-4 Ni atoms ͑4c͒ and 12 Al atoms with two inequivalent positions ͓Al͑1͒ :4c, and Al͑2͒ :8d͔-and 14 positional parameters not determined by symmetry. 16 The lattice constants and positional parameters were determined variationally, using 96 k points in the irreducible part of the Brillouin zone ͑IBZ͒. The muffin-tin radii used for Ni and Al are 3.855 Å and 4.346 Å, respectively ͑we use the same radius for both types of Al atoms͒. Also, angular momenta up to l = 8 were used for both the wave functions and for the charge density representation in the muffin-tin spheres.
In Table I , we give the results obtained for the lattice constants in both the local density 17 ͑LDA͒ and generalized gradient 18 ͑GGA͒ approximations to the exchangecorrelation potential, and make a comparison with experiment. The LDA yields on average lattice parameter values that are slightly below ͑1.2%-1.4%͒ the experimental ones while the GGA gives values that are slightly above ͑0.1%-0.7%͒, which is a known trend observed in several other systems. 19 In Table II , we present our results for the positional parameters, again in both LDA and GGA, and compare them with the measurements of Bradley and Taylor. 3 The agreement between our calculated values and experiment is seen to be excellent in both cases. Since the GGA results are slightly closer to experiment overall, our results henceforth are obtained in this approximation.
It is known that some of the transition metal trialuminides possess the cubic L1 2 ͑cP4͒ structure as a metastable phase, 20 which is of interest because this structure offers the possibility of presenting more slip systems than the D0 11 structure, in which NiAl 3 is known to be very brittle. Hence, we compare below the total energy per formula unit for these structures, as well as the heats of formation. We find the total energy difference between the two structures to be ⌬E = E L1 2 − E D0 11 = 0.773 eV-which is comparable to the values found between the metastable and stable phases of other transition metal trialuminides. 20 The heat of formation is calculated to be ⌬H = −0.41 eV/ atom for the D0 11 structure, which compares very well with the experimental value of −0.39 eV/ atom ͑5% lower͒ reported by Hultgren and co-workers. 5, 21 On the other hand, the heat of formation corresponding to the L1 2 structure is found to be ⌬H = −0.22 eV/ atom, so that it is 0.19 eV/ atom higher than the D0 11 value. We note that similar results ͑−0.46 eV/ atom for the D0 11 structure vs −0.26 eV/ atom for the L1 2 structure͒ were reported recently by Rasamny and collaborators 11 using a plane wave pseudopotential method. Now, an alternative crystal structure, not considered before and also potentially having more slip systems, is the A15 ͑cP8͒ structure. In this case, the total energy difference per formula unit with respect to the D0 11 structure is ⌬E = E A15 − E D0 11 = 0.739 eV, i.e., the A15 structure is slightly lower in energy than the L1 2 structure. The heat of formation for the A15 structure is consequently slightly lower as well, namely ⌬H = −0.23 eV/ atom. Thus, the D0 11 structure is energetically favorable over the L1 2 and A15 structures by non-negligible amounts. The calculated bulk modulus ͑third order BirchMurnaghan fit͒ for the D0 11 structure is B = 113.7 GPa, while for the L1 2 and A15 structures we found B = 112.6 GPa and B = 110.9 GPa, respectively. 22 Regarding ductility, it is important to bear in mind that a potential slip vector can be rendered inactive by having a "directional" charge distribution in the direction of the slip vector. This is observed in the case, e.g., of the charge distribution between Ni and Al in the ͗111͘ direction in NiAl. 23 A similar occurrence is observed in NiAl 3 , as is illustrated here. In Fig. 1 , we show the valence charge density contour plot on a ͑010͒ plane in the unit cell, with internal coordinate y =1/4, containing 2 Ni and 3 Al͑1͒ ions. This directionality may contribute to the brittleness of NiAl 3 . However, the addition of other transition metals could change the charge distribution and could stabilize some of the higher symmetry phases. 24 In the A15 and L1 2 structures, given that the pseudogap is below E F , a lowering of N͑E F ͒ may be achieved by an impurity adding holes and substituting Ni to a percentage sufficient to empty the antibonding states. Thus, transition metal ͑or other͒ substitutional addition in NiAl 3 represents an important venue for future research.
III. ELECTRONIC STRUCTURE
For the electronic structure results given below, we have used a mesh of 616 k points in the irreducible Brillouin zone for increased accuracy. This enables us to make quantitative comparisons with experiment, as shown below. The band structure of NiAl 3 is shown in Fig. 2͑a͒ . One notes particularly the strongly localized states between roughly 2 and 4 eV below E F ; these have essentially a Ni 3d character. The free-electron character of the states below that energy range arises mainly from Al s and p hybridized states, while the states above have a strong admixture of Ni d and Al p states. The total DOS, shown in Fig. 2͑b͒ is dominated by a strong peak centered at approximately −2.75 eV, in agreement with both XPS ͑Ref. 6͒ and UPS ͑Ref. 7͒ results; the peak corresponds to the localized Ni states observed in the band structure. Further, as noted in the Introduction, of interest is the pseudogap typical of Hume-Rothery alloys. It falls just above E F and is ϳ0.8 eV wide. We mention that in the A15 and L1 2 structures the pseudogap, somewhat narrower, falls 0.5 eV, or more, below E F . Thus, antibonding states are occupied in these structures, which is reflected in their having a higher ground state energy than the D0 11 structure.
The muffin-tin sphere-projected l-decomposed DOS are shown in Figs. 3͑a͒-3͑c͒ . A comparison of our results with the DOS of pure Ni 25 indicates that the peak in the partial Ni DOS in Fig. 3͑a͒ is essentially due to the collapse of the pure Ni d bands into a significantly narrower energy range. A comparison of the pure Al DOS ͑Ref. 25͒ with our results in Figs. 3͑b͒ and 3͑c͒ shows that the DOS of the Al 3s and 3p states is significantly reduced overall. The reduction is stronger for 3s states with −4 eVՇ E Շ 3 eV, indicating a more important charge loss for these states. Thus, the pseudogap in the Al s DOS is wider and somewhat deeper than the overall pseudogap. The hybridization of the Ni 3d states with the Al 3p states at this energy range is clearly stronger than with the Al 3s states, and dominates the DOS around E F , including the ͑overall͒ pseudogap. As noted by Trambly de Laissardière et al., 14 and in line with out findings here, the hybridization of the Ni d with theAl sp states is of great importance for the formation of the pseudogap. Finally, at energies higher than ϳ3 eV, the Al DOS tends to its pure metal behavior. We also note that the calculated DOS reported by Cubiotti et al. 26 for E Ͻ 2 eV, using a so-called extended linear augmented plane wave method, are qualitatively similar to ours.
Regarding the character of the states at E F , we note that the Ni d contribution is much more important than suggested previously, namely approximately 45%, in contrast with the 20%-30% indicated in Ref. 6 . This is due to the hybridization mentioned above. Thus, the shoulder observed just below E F in XPS ͑Ref. 6͒ and UPS ͑Ref. 7͒ is not only due to Al states, but receives almost as much a contribution from the Ni d states. Furthermore, the more recent XPS results of Kovács and collaborators 27 show a shoulder at E Ӎ 1.5 eV below E F , interpreted by them as the Ni-d Al-p shoulder mentioned above, only down shifted in energy. Instead, our results show that it could be due to the peak at E Ӎ −1.75 eV in the Ni-3d DOS, just above the main peak ͓cf. Fig. 3͑a͔͒ . Finally, we note that the total DOS for E տ 2 eV is rather structureless, small oscillations notwithstanding, exhibiting on average a relatively slow increase akin to the quadratic behavior of the DOS for free electronlike metals. 28 This has a bearing on the optical properties we discuss below.
The total DOS at the Fermi energy is N͑E F ͒ = 4.47 states/eV unit cell, which, considering experimental results sensitive to N͑E F ͒, leads to further insight into the properties of NiAl 3 . First, the calculated N͑E F ͒ leads to a Sommerfeld specific heat coefficient of 0.66 mJ/ K 2 mol of average atom, which is considerably lower than the experimental value of 1.24 mJ/ K 2 mol of average atom reported by Dunlop and collaborators, 29 and indicates a rather important specific-heat mass enhancement ratio ␥ exp / ␥ band = 1.88. Thus, neglecting many-body effects, the electron-phonon coupling constant is el-ph = 0.88. This relatively strong value is in line with the results of Dunlop and collaborators 29 on the electrical resistivity of NiAl 3 , who find a low temperature behavior ϳT 4.2 K to have a closer look at the low temperature properties of NiAl 3 .
Second, the Pauli paramagnetic susceptibility is calculated to be band = 2.59ϫ 10 −7 emu/ g. This T = 0 K value is to be compared with the experimental magnetic susceptibility, exp , reported by Taylor, 4 which ranges from 3.5 ϫ 10 −7 emu/ g at 77 K to 2.1ϫ 10 −7 emu/ g at room temperature. Although the temperature dependence is relatively mild, there is some uncertainty as to the value exp will take at T = 0 K. However, the experimental values do point to an enhancement ratio exp / band Ͼ 1. Given that no effectively localized magnetic moments exist in this compound, 4 a result common in dilute alloys of transition metals with free electronlike metals like Al, 30 and that the orbital contributions from localized electrons are quenched by the crystal field, the possible corrections to band stem from electron-electron correlations, Landau diamagnetism, and the orbital paramagnetism of itinerant electrons discussed by Kubo and Obata. 31 The enhancement ratio found above appears to indicate that Landau diamagnetism is overcome by the other two effects. Electron spin resonance and gyromagnetic ratio measurements would be particularly welcome to advance further in this direction.
IV. OPTICAL PROPERTIES
We now turn to the optical properties studied by Cubiotti and co-workers 8 and by Mondio and co-workers. 10 The imaginary part of the dielectric function can be obtained in the framework of linear response theory, within the random phase approximation. In the long wavelength limit we have 15
where V is the unit cell volume and the sum over i ͑f͒ is restricted to conduction ͑valence͒ band states. We calculate ⑀ 2 ͑͒ over a large range of frequencies ͑up to ϳ30 eV͒ using a fine mesh of 4794 k points in the IBZ, and up to 176 states. 32 In metallic systems it is important to include the Drude contribution to the dielectric function 1 − p 2 / ͑ 2 + i␥͒. The Drude plasma frequency is calculated in terms of the momentum matrix elements and the → 0 limit in Eq. ͑1͒. For the three different polarizations we find pxx = 4.43 eV, pyy = 5.31 eV, and pzz = 4.63 eV, whence p 2 = ͑ pxx 2 + pyy 2 + pzz 2 ͒ / 3 = 4.81 eV. Our results are markedly different from those in Ref. 8 , particularly for pzz . We do not know the reason for the discrepancy, but we note that the mesh used by those authors is much coarser ͑196 k points͒, leading to a larger uncertainty in some of their calculated values. For the damping factor we take a value ␥ = 0.025 eV, corresponding to room temperature. The real part, ⑀ 1 ͑͒, is obtained by means of the Kramers-Kronig relation. Further, the effective plasma frequency is calculated through the sum rule p We show ⑀ 1 ͑͒ and ⑀ 2 ͑͒ in Fig. 4 , for frequencies up to 20 eV. The inset shows an enlargement over the low frequency range ͑0-6 eV͒. The structure in ⑀ 2 ͑͒ at low is understood as follows. The shoulder at 0.5 eV is due to transitions from the peak just below E F in the DOS to the Fermi level. The broad maximum centered at ϳ1.25 eV is mainly due to transitions from the peak just below E F in the DOS to the states in the region of increased DOS starting at ϳ1 eV above E F . The second maximum, centered at ϳ2.3 eV and also broad, is essentially due to transitions from the upper edge of the d-band manifold to E F . Moreover, ⑀ 1 ͑͒ shows the effective plasma frequency, p Ј, to occur at ϳ16.84 eV, which is in excellent agreement with the value obtained above through the sum rule. For frequencies above ϳ5 eV, both ⑀ 1 ͑͒ and ⑀ 2 ͑͒ show a Drude-like behavior.
A direct comparison with experiment is provided by the calculated reflectivity R͑͒, which we show in Fig. 5͑a͒ ͑again, the inset shows an enlargement over the low frequency range͒. We show in Fig. 5͑b͒ the spectrophotometric ͓curve ͑a͔͒ and the REELS ͓curve ͑b͔͒ results from Ref. 10 . Note that our calculation covers energies going up to 30 eV, representing nearly the entire reflectivity spectrum. Besides the structure for Շ 5 eV, which we discuss below, R͑͒ varies in a way typical of metals for frequencies approaching p Ј, decaying gradually as ⑀ 2 ͑͒ tends to zero and the material becomes transparent. The decay, however, is softened and broadened by interband transitions. In the low energy range our results generally agree with the experimental results in Refs. 8 and 10, although a definite comparison is rendered difficult by the fact that the data reported, covering different energy ranges, present some uncertainty and differ to a certain extent. The spectrophotometric data, 8 the ellipsometric data, 8 and the REELS data 10 all show a rapid initial fall from above 0.9 to a minimum located at Ӎ 1 eV, followed by a maximum at 1.5 eV, in coincidence with our results in Fig. 4 . The ellipsometric and the REELS data show a further shoulder between 2 and 2.5 eV, while our results show a maximum at ϳ2.8 eV, which may be associated with this shoulder. The spectrophotometric data, on the other hand, show no shoulder in this energy range, but a monotonic decrease reaching a minimum at ϳ3.5 eV. However, Mondio and co-workers indicate 10 that some unresolved structure in the spectrophotometric data could be present at these energies. The ellipsometric data do not go beyond Ͼ 3.5 eV. The spectrophotometric data, covering frequencies up to 6 eV, show another broad maximum at around 5.5 eV, while it is absent in the REELS data; our results do not show any clear structure at this frequency and our DOS and dielectric function do not seem to suggest any particular feature there.
The REELS results are the only ones covering the spectrum to higher frequencies-up to 35 eV. For energies above 5 eV, there is a clear difference between our results for R͑͒ and those calculated 10 from the REELS measurements. While the REELS result shows a very broad maximum centered roughly at 14 eV, in our result R͑͒ is already decaying in that energy range, as stated above. The decay in the REELS data is pushed to higher frequencies by 5 eV, or more, and appears to be less steep. We do not see a clear reason for the discrepancy. Part of it could be that in this energy range self-energy corrections outside the scope of our treatment start to have a more important effect on the energy spectrum. On the other hand, as stressed by Mondio and collaborators, 10 REELS is essentially a surface technique, so that the bulk properties may be incompletely represented and/or masked by surface effects. A measurement of the plasma frequency, e.g., in an EELS experiment, would provide an important reference point to characterize and understand the optical properties of NiAl 3 . Thus, it would be desirable to see further experimental measurements, with the above or other techniques, covering a wider energy range.
V. SUMMARY
In summary, we presented first principles calculations of the structural, electronic, and optical properties of NiAl 3 . We find that the experimentally observed D0 11 structure is energetically favorable over the L1 2 and A15 structures. The band structure presents a manifold of states with little dispersion, centered at ϳ2.75 eV below E F , arising from Ni d states and generating a dominant peak in the density of states. The density of states also shows a pseudogap just above the Fermi level. The L1 2 and A15 structures also exhibit the pseudogap, but below the Fermi level, so that the filling of antibonding states appears to raise their ground state energy above that of the D0 11 structure. While our results generally agree with experiment, we predict some additional structure which we hope current resolution will be able to resolve. Also, the density of states around the Fermi energy, including the pseudogap region, is dominated by strongly hybridized Ni d and Al p states.
We also presented a fully first principles study of the optical properties of NiAl 3 , using the long wavelength RPA expression for the dielectric function obtained within linear response theory. Our calculation extends previous theoretical studies to frequencies up to 20-30 eV. The main features observed in the low energy range ͑below 5 eV͒, where the different data reported coincide, are well reproduced by our results. At higher frequencies, we find both the dielectric function and the reflectivity to be Drude-like-dressed by interband transitions, with an effective plasma frequency calculated to be ϳ16.84 eV. At these higher frequencies, however, the agreement between our calculated reflectivity and experiment is poor, as the REELS data show a very broad maximum centered roughly around 14 eV while in our results the reflectivity is already decaying at that energy range. The decay in the REELS measurements also appears to be less steep and starts at higher frequency. We look forward to future measurements that will allow a fuller comparison between theory and experiment. 
